In order to increase the storage density of hard disk drives, a detailed understanding of the magnetic structure of the granular magnetic layer is essential. Here, we demonstrate an experimental procedure of imaging recorded bits on heat-assisted magnetic recording (HAMR) media in cross section using Lorentz transmission electron microscopy (TEM). With magnetic force microscopy and focused ion beam (FIB), we successfully targeted a single track to prepare cross-sectional TEM specimens. Then, we characterized the magnetic structure of bits with their precise location and orientation using Fresnel mode of Lorentz TEM. This method can promote understanding of the correlation between bits and their material structure in HAMR media to design better the magnetic layer. [6] . At this density, the size of the magnetic layer grains (about 10 nm) will limit the bit length from becoming any smaller [7] . To improve further the HDD properties, we need a comprehensive understanding, more than ever, of how the grain structure relates to the size of the bits in the magnetic recording layer.
N
EW technologies such as computers and cameras are generating large amounts of data, and the demand for more reliable and economical storage devices is increasing [1] , [2] . A promising candidate to meet this demand is the hard disk drive (HDD), which has low failure rate and low cost [1] , [3] . The next generation HDD, based on a technology called heat-assisted magnetic recording (HAMR), has demonstrated a storage density over the current limitation of 1 Tb/in 2 , with a linear density of over 2000 kBPI (kilobits per inch) [4] - [6] . At this density, the size of the magnetic layer grains (about 10 nm) will limit the bit length from becoming any smaller [7] . To improve further the HDD properties, we need a comprehensive understanding, more than ever, of how the grain structure relates to the size of the bits in the magnetic recording layer.
Tracks recorded on an HDD are often studied with magnetic force microscopy (MFM), which images the stray fields above the domains (bits) and so shows the shape, size, and magnetization orientation of the domains [8] - [12] . However, as the bits become smaller, the finite size of the tip in MFM limits the spatial resolution of the images so that it is difficult to recognize the bits [12] , [13] . As a possible alternative to MFM for future magnetic studies of an HDD, we suggest transmission electron microscopy (TEM) which is well known for its high spatial resolution [14] . Here, we demonstrate how to image bits recorded in HAMR media by using TEM that can also characterize the material structure, such as grain size, shape, and orientation. The magnetic layer of a typical HAMR media is only about 10 nm thick with L1 0 -ordered FePt grains having their easy magnetization c-axis perpendicular to the surface [15] , [16] . Because the features are at the nanometer scale, TEM is extensively used for crystal orientation analysis of the granular structure, both in plan and cross-sectional views [17] , [18] . In addition to the crystallographic studies, magnetic imaging can be achieved using Lorentz TEM, which makes use of a Lorentz lens (located below the objective lens) with the objective lens turned OFF, so that a magnetic field-free environment is created for the specimen [19] . Since Lorentz TEM is only sensitive to magnetization with a component perpendicular to the beam direction, imaging of samples with easy axes perpendicular to the sample requires either tilting the sample or making cross-sectional samples. To the best of our knowledge, no Lorentz magnetic imaging has been done on cross sections of HAMR media because of challenges in making a targeted specimen of a track of bits and in detecting the small magnetic flux density at high resolution. Here, we introduce a method of imaging bits using Lorentz TEM that critically depends on careful preparation of a crosssectional TEM specimen using a focused ion beam (FIB) milling approach.
The electron beam in TEM experiences a Lorentz force when passing through a magnetic specimen. This Lorentz force deflects the trajectory of the beam, and this deflection can be detected by various methods, such as the Fresnel imaging mode, the Foucault imaging mode, and differential phase contrast [20] . For the present experiment, we chose the Fresnel mode for its simple operation, which allows for 0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. immediate viewing of the magnetic domains in an out-offocus TEM image. A simplified ray diagram of the Fresnel mode is illustrated in Fig. 1(a) , where the domains with in-plane magnetization in a specimen cause the electron beam to deflect, and the deflection is imaged as an intensity variation in an out-of-focus image [19] . f is the change of objective lens (Lorentz lens, in this paper) focal length and is normally positive for "overfocus" (stronger lens) and vice versa for "underfocus." The magnetic image obtained from either overfocus or underfocus shows reversed contrast with bright or dark lines delineating the magnetic domain boundaries [ Fig. 1(a) ]. The magnetic image obtained from either the overfocus or the underfocus is identical only with a reversed contrast [ Fig. 1(a) ]. Because the Lorentz lens, we used, was more adaptive to larger out-of-focus condition in the underfocus case, we chose the latter ( f < 0) in this paper. When a specimen has a magnetic flux density of B, the beam deflection angle θ is given by
where t is the thickness of the specimen, e is the electron charge, λ is the wavelength of the TEM beam, and h is Planck's constant [19] . Based on this deflection and using the algorithm developed by Mansuripur [21] , we simulated the Fresnel images of the bits in HAMR media. [Interactive data language (IDL) was used for writing algorithms that enabled the calculation and visualization.] Fig. 1(b) is the model structure we used to represent the actual magnetic layer with bits (domains) that have alternating directions of magnetization. The Cartesian axis in Fig. 1(b) shows the viewing orientation of the image, where we define the xy plane as the surface of the media and the z-axis as the surface normal. (Following figures are labeled accordingly.) Fig. 1(c) shows the magnetization map that we generated with object oriented micromagnetic framework (OOMMF), which is a micromagnetic simulation tool [22] . In the map, the color and its saturation indicate the magnetization orientation and strength. The magnetic parameters are used as follows: saturation magnetization M s = 1.1 × 10 6 A/m, uniaxial anisotropy constant K u = 7 × 10 6 J/m 3 , and exchange stiffness constant A = 1.1 × 10 −11 J/m [23] . Using the model structure, Fig. 1(d) and (e), is the results of the image simulation (TEM operation voltage at 200 kV, and the beam divergence of 0.01 mrad) showing the infocus and underfocus ( f = −1 mm) images. While no magnetic contrast is observed in the infocus image, as expected, bright and dark contrast form in the underfocus image at the positions of the domain boundaries, as illustrated by comparing Fig. 1(b) and (e). However, at this large defocus of −1 mm, the visibility of the magnetic contrast is obstructed by the Fresnel fringes [24] , which result from the change in mean inner potential at the edges of the samples and are a dominant non-magnetic feature. These can be seen in Fig. 1(e) as stripes that spread from all the edges of the rectangular model specimen. In order to enhance the magnetic contrast and suppress the Fresnel fringes that blur the whole image, we filtered the image using a fast Fourier transform (FFT), which is described later with the experimental results.
For the HAMR media experiment, we recorded tracks using a head that incorporates a near-field transducer [25] with alternating bits having linear densities of 83-325 kBPI (bit length 306-78 nm). Although, this density is not as high as the maximum reported 2000 kBPI [4] - [6] , we used larger bits to easily locate them in MFM and to compare them with TEM images. Fig. 2(a) shows an MFM (Digital Instrument D3100 with Co-Cr coated tip) image of the written bits on the media: bright contrast corresponds to a bit (domain) orientation pointing out of the image and vice versa for the dark contrast. We used the region with the smallest bits in order to have many domain boundaries in the TEM specimen. To prepare a cross-sectional TEM specimen of a single track, we created nano-indents as reference marks on the media surface by switching the MFM magnetic tip to that of a high force constant diamond tip (that was pressed into the surface). These reference marks were later used in the FIB instrument to locate the track for which no magnetic contrast can be seen. By switching back to the MFM magnetic tip, we can image both the recorded tracks and the relative positions of the indents, indicated with black arrows [ Fig. 2(a) ]. The white shadows extending from the indents are scan artifacts [25] as a result of the protrusions on a flat surface. Changing to a slower scan speed can reduce this effect, but for our purpose of marking the tracks, our procedure is sufficient.
After targeting a track with MFM, we used FIB milling in an FEI Helios NanoLab 450S to prepare a conventional crosssectional TEM specimen [27] , [28] from the same indented region. For the convenience of locating a micrometer-scale region in two different instruments, we made a scribe line close to the indented region that is visible to the naked eye, using a diamond pen. Using this mark, we easily located the indents in the FIB instrument. As expected, in Fig. 2(b) , we observe only the indents with the electron beam and no magnetic features are visible. For a cross-sectional TEM specimen, we chose the smallest bit track that coincided with the indents, as indicated with a rectangular box in both Fig. 2(a) and (b) . In order to protect the sample from gallium ion beam damage during FIB milling, we first deposited an amorphous carbon layer (about 100 nm thick, using a sputter carbon coater) before we deposited the conventionally used platinum in order to make a clear distinction between the metallic layers of the specimen and the platinum protective layer. In addition to the protective layers, three platinum pillars were deposited next to the indents to locate better the region of interest during the final thinning process. In Fig. 2(b) , three pillars are viewed top down as bright circular features within dark surroundings indicated by white arrows.
For the magnetic imaging, we kept the specimen thickness between about 50-100 nm, so that the sample is thin enough to be electron transparent for TEM and thick enough to preserve the recorded magnetic structure. In Fig. 2(c) , the three indents on the disk and three pillars above the carbon layer indicate that the final TEM specimen was prepared along the track position. However, only after magnetic imaging using TEM could we confirm that the bits survived the specimen preparation procedure, as discussed in the following. The higher magnification annular dark-field scanning TEM image in Fig. 2(d) shows the individual layers of the HAMR sample and the individual grains. The images were recorded in scanning TEM mode at 300 kV only after the magnetic imaging was completed, because the magnetic structure of the specimen could be affected by the magnetic field of the objective lens. We observe the granular structure of the FePt magnetic layer (on top), which is only about 9 nm thick, followed by an MgO seed layer, an amorphous underlayer, a heat sink layer, an adhesion layer, and the substrate. The indented location on the specimen is marked with the white triangles showing the indent mark in the top layers. For magnetic imaging, we used Lorentz TEM mode in an aberration corrected FEI Titan 80-300 instrument. The focal length of the Lorentz lens is 24 mm, and we used a low accelerating voltage of 80 kV, as this will make the beam deflection angle larger [refer to (1)]. We can, then, achieve the same magnetic contrast at a smaller defocus so that we can diminish the effect of the Fresnel fringes coming from the edges of the specimen. An infocus Lorentz TEM image of the specimen is shown in Fig. 3(a) , comparable to the secondary electron FIB image in Fig. 2(c) . The HAMR media, with indents on the surface, is shown below the bright band of the deposited carbon. Because no bits are observed in this bright field TEM image, we have included the in-plane MFM image of the same region in Fig. 3(b) [cropped from Fig. 2(a) ], to show the location of individual bits. Fig. 3(c) is the Fresnel mode image at −5 mm underfocus. Here, we observe a region with a weak contrast that alternates along the magnetic layer, indicated by the square box. Although we used a low accelerating voltage, we still observe the Fresnel fringes from the boundaries of the horizontal layers as strong contrast horizontal lines. In order to enhance the weak magnetic contrast, we used an FFT of the image to filter out the high-frequency contribution of the narrow Fresnel fringes. FFT is a digital image processing technique that allows an image to be edited in the frequency domain, where specific frequency values can be selected [29] . Fig. 3(d) shows the FFT of the boxed region in Fig. 3(c) . (FFT was done using ImageJ, a public domain Java program developed at National Institutes of Health, Bethesda, Maryland, USA.) The horizontal Fresnel fringes are represented as the vertical line in Fig. 3(d) , and we used the region inside the circular dashed disk to obtain a filtered image in Fig. 3(e) . After filtering, the localized contrast across the middle of the image is revealed with greater clarity [ Fig. 3(e) ]. (The contrast and brightness have been adjusted to enhance the alternating contrast.) By using the FFT, we were able to remove most of the unwanted Fresnel fringes from the boxed region in Fig. 3(c) into Fig. 3(e) .
To interpret the image, we refer back to Fig. 1 where the ray diagram shows how the domains in a specimen are characterized. For an underfocus condition, bits magnetized upward in the image of a cross-sectional sample are located on the left side of the bright contrast and vice versa for the downward bits [ Fig. 1(e) ]. We have used this to illustrate the orientation and location of the bits in Fig. 3(f) , marking with arrows according to the contrast. This analysis is in good agreement with the MFM image [dashed region from Fig. 3(b) ]. Since MFM is sensitive to the stray fields above the disk, the MFM images show the positions of the individual bits with perpendicular magnetization, where the magnetic contrast in Lorentz TEM is formed at the bit boundaries. This is consistent with the simulation in Fig. 1 of lower magnification Lorentz TEM images, in addition to the previous studies of the magnetic domain walls [19] , [30] , [31] .
Since the cross-sectional specimen was prepared along the track, we expected to observe magnetic contrast throughout the magnetic layer. However, even with the FFT filtering, no significant contrast was visible outside the dashed region in Fig. 3(c) . It is possible that the domain structure was damaged during the final thinning process using FIB milling [32] . If the specimen preparation is optimized to retain the original magnetic structure, we expect to be able to observe all the bits across the specimen.
In summary, we experimentally demonstrate a method to image the recorded bits of HAMR media in cross section with Lorentz TEM. For the scope of this paper, we mainly focused on the possibility of imaging bits within a track. (Track edges, for instance, can also be studied by preparing a specimen along these locations.) The bits of about 80 nm (along the track direction) were successfully correlated between the crosssectional Lorentz TEM and plan-view MFM.
While MFM is widely used, it can only image the bits in plan view and does not provide any additional microstructural and compositional information [8] - [12] . As the bit sizes are made smaller, the magnetic performance relies on fewer grains for each bit. For this reason, we chose TEM for its advantageous capabilities to extensively study a specimen at the nanometer scale. Despite the laborious specimen preparation that requires high precision and proficiency to target a region of interest using FIB, when this magnetic imaging is combined with other popular modes of TEM such as high resolution imaging [33] , diffraction contrast imaging [17] , [34] , and energy dispersive X-ray spectroscopy [18] , we can achieve a more comprehensive understanding of the media structure. Although further optimization of the specimen preparation and Lorentz TEM imaging are necessary to study even smaller bits, utilization of the present method to understand the relationship between the grain structure and the magnetic structure will facilitate materials design of the magnetic layer for the development of HAMR media. 
